In cellular studies of habituation, such as in the gill and siphon withdrawal reflex to tactile stimulation of the siphon of Aplysia, a mechanism that has emerged as an explanation for response decrement during habituation is homosynaptic depression at sensory neurons mediating the behavioral response. We have examined the contribution of homosynaptic depression to habituation in sensory neurons that contribute to two reflex behaviors in Aplysia, tail withdrawal and siphon withdrawal, both elicited by threshold-level tail stimulation. In a companion paper (this issue), we reported that repeated tail stimulation, identical to that producing habituation in siphon withdrawal in freely moving animals, also produces habituation in reduced preparations. In this paper, we extend these behavioral findings by showing that in reduced preparations, identical tail stimulation also produces habituation of the tail withdrawal reflex. In addition, our cellular experiments show that (1) identified sensory and motor neurons in both reflex systems respond to identical repeated tail stimulation; in sensory neurons it produces a progressive decrease in spike number and increase in spike latency, and in motor neurons it produces progressive decrement in complex EPSPs and spike output. (2) Homosynaptic depression of the tail sensory neuron to tail motor neuron synapse does occur when the sensory neurons are activated repetitively by intracellular current. (3) Homosynaptic depression at this synapse does not occur when the sensory neurons are activated repetitively by threshold-level tail stimuli that elicit the behavioral reflex and cause habituation; rather, the sensory neurons exhibit significant heterosynaptic facilitation. Thus, in these reflexes, habituation is not accompanied by homosynaptic depression at the sensory neurons, suggesting that the plasticity underlying habituation occurs primarily at interneuronal sites.
In cellular studies of habituation, such as in the gill and siphon withdrawal reflex to tactile stimulation of the siphon of Aplysia, a mechanism that has emerged as an explanation for response decrement during habituation is homosynaptic depression at sensory neurons mediating the behavioral response. We have examined the contribution of homosynaptic depression to habituation in sensory neurons that contribute to two reflex behaviors in Aplysia, tail withdrawal and siphon withdrawal, both elicited by threshold-level tail stimulation. In a companion paper (this issue), we reported that repeated tail stimulation, identical to that producing habituation in siphon withdrawal in freely moving animals, also produces habituation in reduced preparations. In this paper, we extend these behavioral findings by showing that in reduced preparations, identical tail stimulation also produces habituation of the tail withdrawal reflex. In addition, our cellular experiments show that (1) identified sensory and motor neurons in both reflex systems respond to identical repeated tail stimulation; in sensory neurons it produces a progressive decrease in spike number and increase in spike latency, and in motor neurons it produces progressive decrement in complex EPSPs and spike output. (2) Homosynaptic depression of the tail sensory neuron to tail motor neuron synapse does occur when the sensory neurons are activated repetitively by intracellular current. (3) Homosynaptic depression at this synapse does not occur when the sensory neurons are activated repetitively by threshold-level tail stimuli that elicit the behavioral reflex and cause habituation; rather, the sensory neurons exhibit significant heterosynaptic facilitation. Thus, in these reflexes, habituation is not accompanied by homosynaptic depression at the sensory neurons, suggesting that the plasticity underlying habituation occurs primarily at interneuronal sites.
Key words: Aplysia; habituation; homosynaptic depression; heterosynaptic facilitation; learning; memory Understanding the cellular mechanisms that underlie learning and memory is a major objective in neuroscience. In recent years considerable progress toward this goal has been made by examining relatively simple preparations in which learned behavioral modifications can be related to training-specific modifications at the cellular level (for reviews, see Carew and Sahley, 1986; Byrne, 1987) .
Among the different forms of learning, perhaps the simplest and most widely observed is habituation, the progressive decrement in response strength occurring when a response is elicited repeatedly. The neural basis of habituation has been studied in several preparations. In those preparations in which a cellular analysis has been possible, one mechanism that has emerged as an attractive explanation for the response decrement accompanying habituation is homosynaptic depression (a progressive decrease of excitatory synaptic transmission) from primary sensory neurons that mediate the behavior (Krasne, 1969; Castellucci et al., 1970; Zucker, 1972) . This decrease in excitatory input to the circuit mediating the response is thought to translate into a progressive decrease in motor neuronal output and thus a diminished behavioral response Hawkins et al., 1993) . One preparation in which this general hypothesis has been articulated in some detail is the marine mollusc Aplysia, where homosynaptic depression of sensory neurons has been implicated in habituation in the gill and siphon withdrawal reflex to tactile stimulation .
Homosynaptic depression is a well studied form of synaptic plasticity in primary sensory neurons of Aplysia. Many studies have shown that repeated, direct intracellular activation of these cells reliably causes progressive depression of excitatory synaptic transmission Klein et al., 1980; Byrne, 1982; Walters et al., 1983; Hawkins et al., 1987; Buonomano et al., 1992; Goldsmith and Byrne, 1993) . Moreover, several studies in Aplysia have demonstrated habituation in behaving animals and in reduced preparations Pinsker et al., 1970; Carew et al., 1972; Stopfer and Carew, 1987) ; however, the role of sensory neuron homosynaptic depression in producing habituation in Aplysia so far has been examined only in the siphon-elicited gill and siphon withdrawal reflex Carew et al., 1971; Castellucci et al., 1978; Hawkins and Frost, 1995) .
The purpose of our experiments was to examine the contribution to habituation of homosynaptic depression in sensory neurons involved in two different response systems, both triggered by a common population of tail sensory neurons in Aplysia: tailelicited tail withdrawal and tail-elicited siphon withdrawal. These two response systems represent two broad classes of reflex cir-cuitry. (1) Tail-elicited tail withdrawal has both direct (monosynaptic) and indirect (polysynaptic) sensory neuron input onto tail motor neurons (in this respect it is like siphon-elicited gill and siphon withdrawal); (2) tail-elicited siphon withdrawal has only indirect input onto siphon motor neurons. This latter reflex has been used previously by Walters (1987a,b) to examine behavioral and cellular modifications accompanying site-specific sensitization, and by Scholz and Byrne (1987) to examine alterations of tail sensory neurons during long-term sensitization in Aplysia.
We have recently shown that the tail-elicited siphon withdrawal reflex exhibits both short-term and long-term habituation in freely moving, intact animals and in reduced preparations [Stopfer and Carew, 1994; Stopfer et al., 1996 (companion paper)] . In the present studies, we have confirmed and extended these findings by showing that (1) in addition to the siphon withdrawal reflex, the tail-elicited tail withdrawal reflex also exhibits habituation when stimulation parameters identical to those used in freely moving animals are applied to reduced preparations; (2) identified sensory and motor neurons in both reflex circuits respond to the identical tail stimuli that are just at the threshold for triggering the reflexes in freely moving animals; (3) in response to repeated tail stimulation, complex synaptic input to the motor neurons for both reflexes, as well as their motor output, exhibits decrement that closely parallels behavioral habituation; (4) homosynaptic depression does occur in the tail sensory neurons when they are repetitively activated by intracellular current injection, but (5) homosynaptic depression does not occur when the sensory neurons are repetitively activated by the same (threshold-level) tail stimuli that can generate the behavioral reflex and cause habituation. Rather, the sensory neurons exhibit marked heterosynaptic facilitation during habituation. Thus, habituation in these two reflexes is not accompanied by homosynaptic depression at the primary sensory neurons, suggesting that the primary change producing habituation in these reflexes is likely to occur at interneuronal sites.
Preliminary results of some of the data described in this paper have been reported previously in abstract form (Stopfer and Carew, 1994) .
MATERIALS AND METHODS Animals
Reduced behavioral preparations. The reduced preparation has been described in detail in the companion paper (Stopfer et al., 1996) . Briefly, animals were anesthetized by cooling to 3ЊC and were implanted bilaterally in the tail with fine silver wire electrodes identical to those used in freely moving animals (Stopfer et al., 1996) . The digestive organs of the animals and most of the body anterior to the mantle were removed. Peripheral nerves other than P9 (which innervates the tail) and the siphon nerve were transsected. A catheter was inserted into the medial, posterior portion of the foot and secured in place with 6 -0 ethilon (Ethicon) surgical thread, and for siphon withdrawal experiments, a second catheter was inserted into the aorta. Siphon withdrawal was elicited by weak (threshold level) tail stimuli (AC shock, 60 Hz, 100 msec in duration, determined individually for each preparation). This level of stimulation produced a withdrawal reflex comparable in form and duration to a light tactile stimulus to the siphon skin. The response was quantified by an observer who timed responses from the start of withdrawal until the first indication that the siphon was beginning to relax. One side of the tail was chosen randomly to receive habituation training; the other side served as a control. Experiments were conducted "blind" such that during training, the observer did not know which side of the preparation received control or training stimuli.
For tail withdrawal experiments, a fine lacquered steel antenna wire was attached to the tip of the tail. This light-weight antenna had no apparent influence on siphon or tail behavior. Tail withdrawal was then detected and quantified by an automated movement transducer that tracked the position of the antenna wire and generated a voltage output proportional to tail displacement (Stopfer et al., 1996) . Preparations were maintained at 15-18ЊC and perfused with a cooled, aerated Ringer's solution. Experiments were begun 1 to 2 hr after the dissection.
Cellular preparations. Animals were anesthetized by injection with isotonic magnesium chloride and placed dorsal-side up in a wax-bottom dissecting tray. The parapodia were trimmed away to reveal the siphon, and the ink gland was removed to make pinning easier in a later stage of the procedure.
The animal was then placed ventral-side up and dissected as described previously (see above; also see Stopfer et al., 1996) . In addition, the tail and siphon were separated surgically to prevent locomotory tail movements from confounding automatically measured siphon movements; the tail was cut free just posterior to the mantle cavity, with care taken to avoid damaging branches of the P9 nerves. Ganglia were partially fixed for 45-60 sec in a 0.5% glutaraldehyde solution to reduce ganglionic movement during training.
Then the preparation was transferred to a two-part recording chamber with a Sylgard-coated floor filled with cool Ringer's solution. One part of the chamber was sufficiently deep (6 cm) to contain a completely submerged tail and siphon. The other part was a shallow, elevated stage with a transparent base for transilluminated viewing of the ganglia. The whole chamber was surrounded by an ice bath, which maintained the preparation at ϳ15-18ЊC. Fresh, aerated Ringer's solution was perfused into the aorta and tail through catheters. A constant bath level was maintained by an adjustable suction tube.
The tail and mantle areas were pinned in place. The tail was pinned loosely so that it would assume a fairly natural posture and degree of movement once reinflated by perfusion. Loose pinning also substantially reduced tugging against the pins caused by spontaneous and evoked tail movements. The preparation is illustrated in Figure 1 .
The pleural and pedal, or in some cases the abdominal ganglia, were pinned tightly in place with Minutien pins. Care was taken to avoid stretching the nerves beyond the normal lengths found in the intact animal. The ganglia were then desheathed with iridectomy scissors to reveal the neurons within. A very fine steel antenna wire was attached to the siphon. Because the siphon undergoes less spontaneous movement than the tail, and because tail and siphon withdrawal reflexes exhibit similar habituation profiles (see Fig. 2 ), only siphon withdrawal was monitored during cellular experiments.
For one experiment, the mantle organs including the siphon were removed, and extracellular recordings were made from the cut end of the siphon nerve. The freshly cut nerve was aspirated into a tight-fitting, fire-polished glass microelectrode filled with Ringer's solution and containing an Ag/AgCl electrode. Action potentials from the siphon nerve were amplified differentially by an extracellular amplifier (Grass P511A). Extracellular action potentials were detected by a window discriminator (Haer) and counted by a computer-driven device for a period of 5 sec after each stimulus, a period of time roughly equal to the duration of nonhabituated siphon withdrawal responses.
Intracellular recording
During intracellular recording experiments, tail stimuli were delivered by the same AC shock-generating apparatus used in all of the intact animal and reduced preparation experiments described previously (see above, and Stopfer et al., 1996) . Siphon withdrawal amplitude was measured by a computerized movement transducer.
Standard intracellular recording techniques were used. Glass microelectrodes (resistance 5-15 M⍀) were filled with potassium acetate or potassium chloride. Recordings were made through Ag/AgCl wire connected to intracellular amplifiers (Getting 5A) and displayed on a storage oscilloscope (Tektronix 5111A). Records of cellular activity were made by a chart recorder (Gould RS 3600), a magnetic tape data recorder (Vetter D1), and a computerized data acquisition system (Spike software, Hilal Associates). The acquisition system provided measurements of EPSP height, duration, and integrated area.
Experimental procedures
LFS B siphon motor neurons were identified by their characteristic position on the ventral surface of the abdominal ganglion, by their ability to generate a specific tailward movement of the siphon when depolarized by intracellular current injection, and by their vigorous firing in response to tactile tail stimulation delivered to either side of the tail (Frost et al., 1988; Hickie and Walters, 1995) . Tail motor neurons were identified on the basis of their location in the pedal ganglia, their size, and their characteristic firing patterns, both spontaneous and in response to tail stimuli (Walters et al., 1983) . The motor neurons were usually hyperpolarized ϳ10 mV by current injection, just enough to suppress spontaneous action potentials.
Tail sensory neurons throughout the ventral cluster (Walters et al., 1983) were identified on the basis of their position in the pleural ganglia, their size, their absence of spontaneous activity, and their responsiveness to gentle, punctate pressure from a fire-polished glass probe on the tail (Walters et al., 1983 ). Once such a sensory neuron was identified, an electrode was implanted into the tail in the receptive field that had been located by use of the probe. The stimulation electrodes had uninsulated, coiled tips that were inserted into the thin muscle layer, and thus remained firmly in place throughout the duration of the experiment. The threshold tail stimulus intensity was determined by gradually increasing the current from zero until a small siphon withdrawal was observed. This amount of electric current also elicited a barrage of action potentials in the sensory neuron that was comparable to that produced by a brief mechanical stimulus applied to the tail. Electrical stimuli identical to those used for freely moving and reduced preparations were delivered to the tail while siphon withdrawal (Stopfer et al., 1996) or tail withdrawal was monitored simultaneously by an automated movement transducer. Intracellular responses to the stimuli were recorded in identified tail sensory and tail motor neurons and identified siphon motor neurons. (See Materials and Methods for details.)
After dissection or implantation of an electrode, preparations were always allowed to rest for 60 -90 min before experiments began so that any short-term effects of these procedures could wear off. For example, this was sufficient time for EPSPs in the follower motor neurons (elicited by spikes in the sensory neurons) to return to preimplantation amplitudes and then remain stable for at least 30 min.
Synaptic analysis
For experiments in which synaptic potentials were analyzed, two sensory neurons were identified, both making monosynaptic connections to the same tail motor neuron (Walters et al., 1983) . These procedures were analogous to experiments performed on intact animals, as described in the companion paper (Stopfer et al., 1996) . Both of the sensory neurons received a series of baseline tests delivered at an alternating, nondecrementing, 5 min ISI. Baseline testing consisted of eliciting a single action potential from the sensory neuron and recording the resulting monosynaptic EPSP at the motor neuron. These stimuli were delivered until a stable baseline had been obtained. [Stability was defined as three comparable, consecutive responses from both neurons, representing 30 min without substantial (Ͻ10%) response change.] These final three baseline tests were designated "pretests" and were collapsed into single average pretest scores. After the pretests, one of the following two procedures was conducted.
For an analysis of homosynaptic depression, one of the two sensory neurons was chosen randomly to receive "training" (ISI ϭ 30 sec) consisting of intracellular current injected in a pattern that closely mimicked the tail-shock-induced barrage of action potentials. In these experiments, the "trained" sensory neuron responded with a spike barrage just as it had during training by tail stimuli; however, in this case, no other sensory neurons were activated simultaneously, as would most likely occur during actual tail stimulation.
For an analysis of synaptic decrement during habituation, sensory neurons were activated by threshold tail-training stimuli that caused behavioral decrement. First, a tail motor neuron and two sensory neurons, both making monosynaptic connections to that motor neuron, were identified. Next, the tail receptive field for one of the sensory neurons was located using a fire-polished glass probe. An electrode was then implanted into the center of the receptive field. Thus, one (but not the other) sensory neuron could be activated by tail stimuli. A threshold-level tail stimulus intensity was selected to evoke a small but reliable siphon withdrawal. The tail motor neuron was hyperpolarized 15-20 mV by intracellular current injection to prevent spiking in response to the tail stimulus. After the usual resting period, a series of 30 tail-training stimuli (ISI ϭ 30 sec) evoked siphon withdrawal responses and tail motor neuron complex EPSPs, both of which were monitored. It was not possible to discern the unique contribution of the sensory neuron-evoked monosynaptic EPSP to the complex EPSP evoked by tail stimulation; therefore, single spikes were induced by intracellular current injection in the sensory neurons 15 sec after each tail stimulus, and the resulting monosynaptic EPSPs in the motor neuron were recorded.
Five minutes after the conclusion of either intracellular or tail stimulus training protocols, both sensory neurons received a test: as in pretesting, single action potentials were elicited from the sensory neurons, and the resulting EPSPs in the motor neuron were recorded.
Statistical analysis
The statistical significance of trends, such as those occurring during the course of a training procedure, was determined by ANOVA. Planned, single-level comparisons were made with t tests. Multiple or post-hoc comparisons were made with Newman-Keuls tests. All results are expressed as means Ϯ SEM, and all probability values are two-tailed.
RESULTS

Both siphon and tail withdrawal reflexes exhibit habituation in the reduced preparation
In reduced preparations, both the siphon withdrawal and the tail withdrawal reflexes exhibited significant habituation in response to repeated presentations of the same stimuli (brief, thresholdlevel electrical pulses to the tail) that induce habituation in freely moving animals (Stopfer and Carew, 1994) . In the example shown in Figure 2A (replotted from results described in Stopfer et al., A is replotted from data reported in the companion paper in this issue (Stopfer et al., 1996) . Measurements in B were made by an automated movement transducer; arbitrary units reflect a voltage output proportional to tail displacement. Statistical significance ( p Յ 0.05; see text) is indicated in this and subsequent figures by the following symbols: *, within-group significance (data point is significantly different from its own pretest); (*), aggregate significance (the series of data points to the left of the symbol are significantly different overall from one another, as determined by ANOVA); **, between-group significance (data points above and below symbol are significantly different from each other). 1996) in 13 preparations in which siphon withdrawal was measured, the siphon reflex showed significant decrement during training.
Tail withdrawal similarly exhibited significant habituation, as shown in Figure 2B . In six preparations, using the same stimulation procedure used for siphon withdrawal, the tail reflex significantly habituated during training (ANOVA: F (29,145) ϭ 2.34, p Ͻ 0.001). Both sides of the tail were tested 5 min after training ended. The control sides were virtually unchanged compared with their own prescores (mean dif ϭ 0.47 Ϯ 1.65, t (5) ϭ 0.28, NS). As is often the case with weak eliciting stimuli, habituation produced with these few stimuli was transient . Thus, on the trained side some recovery had occurred; responses elicited there still tended to be smaller than those elicited on the control side, but they were no longer significantly different from their own pretest levels (mean dif ϭ Ϫ2.00 Ϯ 1.42, t (5) ϭ 1.41, NS).
Taken collectively, these results indicate that the same stimuli that cause habituation in freely moving animals (Stopfer and Carew, 1994; Stopfer et al., 1996) also cause habituation in reduced preparations that are amenable to a cellular analysis.
The overall effort to locate and analyze potential sites of plasticity contributing to habituation required a systematic examination of neurons known to participate in tail and siphon withdrawal reflexes. Specifically, it was important to determine whether identified sensory and motor components of the tail-elicited withdrawal reflexes actually participated in the response generated by the weak, threshold-level tail stimuli used in the behavioral studies described above. Also, to pinpoint potential sites of plasticity, it was essential to characterize the responses of these neurons during the course of actual behavioral habituation training. Therefore, a series of recordings was made from each of the known sensory and motor components of the reflex.
Siphon and tail motor neurons respond to behavioral training stimuli
LFS B siphon motor neurons have previously been shown to contribute to the siphon withdrawal reflex (Frost et al., 1988) . To determine whether these cells do in fact respond to the stimulus used in our behavioral experiments, both siphon withdrawal and LFS B cell activity were monitored simultaneously during the course of a series of habituating stimuli (see Materials and Methods). These motor neurons responded equally well to input from the left or right side of the tail, indicating that they receive sensory output from both sides of the animal. Eleven preparations were used. The results are shown in Figure 3 . As in previous experiments, the tail-elicited siphon withdrawal response habituated significantly during the course of training (ANOVA: F (29,290) ϭ 10.85, p Ͻ 0.001). Moreover, each stimulus also elicited a brisk discharge in the LFS B motor neurons (Fig. 3B) . Thus, the threshold stimuli used in our earlier behavioral studies are capable of activating the motor neurons. During training, the number of action potentials in the barrage significantly decreased in parallel with the behavior (ANOVA: F (29,290) ϭ 7.82, p Ͻ 0.001) (Fig. 3B) . This observation is consistent with reports that LFS B motor neurons participate in tail-elicited siphon withdrawal (Frost et al., 1988) .
To characterize the tail motor neuron response during habituation, both siphon withdrawal responses and tail motor neuron activity were simultaneously observed during habituation training using stimuli identical to those used previously (Figs. 2, 3) . We have already established that identical tail stimulation produces habituation of both siphon withdrawal and tail withdrawal (Fig.  2) . Because siphon withdrawal is less subject to spontaneous movement than tail withdrawal in our preparation, siphon movement was used as a behavioral readout of habituation while cellular activity was recorded simultaneously.
As in the behavioral experiments, a series of 30 training stimuli were delivered to the tail at a 30 sec ISI. Eleven preparations were used. Siphon withdrawal responses habituated significantly during training (ANOVA: F (29,203) ϭ 13.43, p Ͻ 0.001) (Fig. 4A) . In parallel, the tail motor neurons also responded with progressively fewer action potentials (ANOVA: F (29,203) ϭ 14.68, p Ͻ 0.001) (Fig. 4B) .
These results indicate that the LFS B siphon motor neurons and the pedal tail motor neurons both respond to the tail stimuli used in our behavioral studies, and that a progressive decrement in their responses closely parallels simultaneously measured habituation of the tail and siphon withdrawal reflexes.
Tail sensory neuron responsiveness is modified during habituation
We next examined whether the sensory neurons respond to tail input, and whether this response is modified by a series of 30 stimuli delivered at an ISI (30 sec) that gives rise to habituation. These experiments were performed simultaneously as a subset of the tail motor neuron experiments described above (Fig. 4B) . Six experiments were conducted; results are presented in Figure 5 . During training, siphon withdrawal significantly habituated, as described earlier in the context of tail motor neuron responses (Fig. 4A ) and as replotted in Figure 5B .
Three sensory neuron response characteristics were evident.
(1) The duration of the barrage of sensory neuron action potentials was initially equal to the duration of the tail stimulus (100 msec) (Fig. 5A ) (this was also true for 50 and 200 msec stimuli; data not shown). (2) As training proceeded, the sensory neuron responded with progressively fewer action potentials, from an average of 5.8 Ϯ 0.5 spikes to 4.1 Ϯ 0.4 spikes; ANOVA indicated a significant overall downward trend in spike number (F (29,145) ϭ 2.64, p Ͻ 0.001) (Fig. 5A,C1) . (3) The sensory neuron response latency grew progressively longer (measured from stimulus onset to the first spike in the barrage): the latency increased from an average of 280.2 Ϯ 18.8 msec to 340.8 Ϯ 24.3 msec. ANOVA indicated a significant overall upward change in latency (F (27, 135) ϭ 6.56, p Ͻ 0.001) (Fig. 5A,C2 ). These results reveal that at least two forms of plasticity occur at the level of the primary sensory neuron response to habituating stimuli: (1) reduction of spike number and (2) increase in spike latency (Clatworthy and Walters, 1993 ) (also see Discussion). Both of these forms of plasticity seem consistent with the overall response decrement observed behaviorally and at the level of the complex EPSP in tail and siphon motor neurons.
Synaptic analysis of habituation
In the previous sections we characterized the responses of the motor and sensory components of the tail-induced tail and siphon withdrawal reflexes. Next we examined the synaptic output of the sensory neurons by monitoring the monosynaptic connection (Walters et al., 1983) between the sensory neurons and the tail motor neurons. By examining the responses of these cellular components during training that cause habituation of the reflex, we could test the hypothesis that sensory neuron homosynaptic depression contributes to habituation in the siphon and tail withdrawal systems.
We began the analysis by examining whether homosynaptic depression occurs at the monosynaptic connection between sensory neurons and tail motor neurons when the sensory neurons are activated repetitively (ISI ϭ 30 sec) by intracellular current injection in a pattern that mimics the natural firing of the sensory neuron to tail stimulation (Fig. 5) . A representative example of this experiment is shown in Figure 6 , and a summary of our results from 10 such experiments is shown in Figure 7 .
Similar amplitude pretest EPSPs were evoked by action potentials in control and "trained" (activated) sensory neurons. During repetitive activation, EPSP amplitudes from the trained cell diminished significantly (ANOVA for the initial depolarizing component of each EPSP: F (29,261) ϭ 6.68, p Ͻ 0.001). After training, synaptic output from both sensory neurons was tested. EPSPs evoked by action potentials in the control neurons were similar to their baseline amplitudes, as revealed by a planned test (dif ϭ Ϫ0.90 Ϯ 0.62 mV, t (8) ϭ 1.45, NS); however, action potentials in the trained neurons elicited EPSPs significantly smaller than their own baseline amplitudes (dif ϭ Ϫ5.62 Ϯ 1.20 mV, t (9) ϭ 4.68, p Ͻ 0.002). Moreover, trained and control responses were significantly different from each other after training (dif ϭ 6.44 Ϯ 2.73 mV, t (8) ϭ 2.36, p Ͻ 0.05) (Fig. 7) .
The absence of significant response change in the control sensory neurons indicates that EPSP amplitude remains stable over time. Because EPSPs from both sensory neurons were monitored in the same postsynaptic neuron, it is likely that the source of EPSP decrement in the activated neuron was presynaptic. This experiment indicates that the tail sensory-to-motor neuron synapse undergoes homosynaptic depression when the presynaptic sensory neuron is fired repetitively with intracellular current in a pattern like that generated by tail-stimulation training. Similar results have been obtained previously using single-spike intracellular activation (Walters et al., 1983; Buonomano et al., 1992) .
This experiment, however, does not address the effect of repetitive activation by tail stimulation on the output of the sensory neurons. In the previous experiment, only the "trained" sensory neuron was activated directly during training. When the tail is stimulated, however, many more neurons (other sensory neurons and interneurons) are involved as well. To examine whether homosynaptic depression occurs under these conditions, we trained with a series of threshold tail stimuli, just as in the behavioral studies. We simultaneously measured the complex EPSP evoked in the tail motor neuron as well as a behavioral response, siphon withdrawal.
The procedure (see Materials and Methods) and representative responses are illustrated in Figure 8 . Six animals were used. After habituation training, rather than exhibiting depression, the mono- Shaded vertical bars illustrate that (1) action potential barrage is of the same duration as the stimulus pulse (first bar encompasses the stimulus artifact) and (2) sensory neuron response latency increases during training. Note also the reduction in spike number (see below). B, Siphon withdrawal habituates during training. Siphon responses were monitored together with cellular responses, and for clarity are replotted here from Figure 4A . C1, Group data show that during training, the number of sensory neuron action potentials per barrage decreases significantly. C2, Group data show that during training the sensory neuron response latency, measured from stimulus onset to response onset, increases significantly. See legend to Figure 2 synaptic EPSP from the trained (activated) sensory neuron actually is increased substantially. Likewise, the EPSP from the control (nonactivated) sensory neuron is also clearly increased, indicating that the increased EPSP observed in both sensory neurons is likely attributable to heterosynaptic facilitation. Thus, these results are qualitatively different from those obtained when repeated activation of the sensory neuron is accomplished by intracellular activation of the sensory neuron (Figs. 6, 7) .
A summary of the results is shown in Figure 9 . As expected, training caused significant habituation of the siphon withdrawal response (ANOVA: F (29,145) ϭ 13.43, p Ͻ 0.001) (Fig. 9B) . At the same time, during the course of training, the complex EPSPs recorded in the tail motor neuron also decreased significantly (ANOVA: F (29,145) ϭ 9.34, p Ͻ 0.001) (Fig. 9C) . Simultaneously, however, the monosynaptic EPSPs evoked by single spikes in the sensory neurons (intercalated between tail stimuli; see Materials and Methods) increased significantly in amplitude during the course of the training (ANOVA: F (29,145) ϭ 5.24, p Ͻ 0.001) (Fig.  9A) . EPSPs from sensory neurons that were activated by the tail stimuli remained significantly elevated above their baseline levels for the entire duration of the training session (post-hoc NewmanKeuls tests for each training response, p Ͻ 0.01). A series of monosynaptic EPSP tests were made 1, 5, and 10 min after training. EPSP amplitudes remained elevated above baseline after the conclusion of training (Newman-Keuls test for 1 min test, p Ͻ 0.01).
The dissociation between the behavioral response and the complex EPSP in the motor neuron on the one hand, and the monosynaptic EPSP on the other hand (Fig. 9) , was unexpected. Therefore, the experiment was replicated with two differences: single monosynaptic EPSPs were not elicited between tail stimuli during training, thus eliminating the potential confound of repeated intracellular activation, which could by itself produce some homosynaptic depression in the tail sensory neurons. EPSP tests were made only after the conclusion of training. Also, instead of monitoring siphon movement directly, extracellular recordings were made from the siphon nerve as an analog of the behavioral response.
The results are shown in Figure 10 . Fifteen experiments were conducted. Because of the experimental design, it was not possible to counterbalance the prescores; by chance, pretest EPSPs in the trained sensory neuron group were slightly larger (ϳ2 mV on average) than in control sensory neurons, but the difference was not statistically significant. After the pretest, threshold-level habituation training stimuli (30 stimuli delivered at a 30 sec ISI) were presented to the tail. During training, the number of spikes recorded extracellularly in the siphon nerve significantly decreased (from an average of 104.9 Ϯ 41.0 spikes to 40.3 Ϯ 8.1 spikes; ANOVA: F (29,406) ϭ 6.47, p Ͻ 0.001). This decrement in siphon nerve output, illustrated in Figure 10B , is consistent with the habituation of the siphon withdrawal reflex observed in other experiments (Figs. 2A, 9B) .
After training, a series of monosynaptic EPSP tests was conducted, as above (Fig. 9) . Again, training caused a significant increase in monosynaptic EPSP amplitude when EPSPs were evoked from either trained sensory neurons (those activated by Figure 6 . Repeated intracellular activation causes homosynaptic depression in the sensory neurons. Two tail sensory neurons were chosen that monosynaptically connect to a common tail motor neuron. In a pretest, single action potentials elicit baseline EPSPs. One of the sensory neurons (SN 1) receives intracellular "training" (ISI ϭ 30 sec) mimicking the intracellular response to tail stimuli (note compressed time base). In a subsequent test, responses elicited only in the trained neuron are depressed homosynaptically; the EPSP from the control neuron is unchanged. Dotted lines indicate pretest EPSP amplitude. the tail stimulus) or control sensory neurons (those outside the receptive field of the tail stimulus and thus not activated) (ANOVA for pretests and tests: F (7,98) ϭ 14.33, p Ͻ 0.001; there was no significant interaction by group: F (7,48) ϭ 0.45, NS) (Fig.  10A) . Subsequent post-hoc comparisons revealed that both trained and control EPSPs remained significantly greater than baseline for several minutes after training (Newman-Keuls: 1 min and 5 min after training, p Ͻ 0.01) for trained and controlled cells. Moreover, the EPSPs from trained neurons remained elevated above baseline longer than those from control neurons.
Our results, taken together, indicate that there is a dissociation between response decrement during habituation in tail withdrawal and siphon withdrawal reflexes, and response facilitation of the monosynaptic EPSP generated by sensory neuron activity. Specifically, during habituation, at the same time that significant decrement occurs in the behavioral responses in each system, as well as in the complex EPSPs and spike output in the motor neurons for each system, significant facilitation occurs in the monosynaptic EPSP from the tail sensory neurons.
DISCUSSION
Habituation is often described as the simplest, most basic form of learning, and yet surprisingly little is known about how it is mediated by the nervous system. One seminal hypothesis proposes that during the course of habituation, repetitively activated primary sensory neurons undergo the process of homosynaptic depression. From this perspective, the sensory neurons are thought to release progressively less transmitter with each successive stimulus, thereby contributing progressively less input to interneurons and motor neurons mediating the behavior (Krasne, 1969; Castellucci et al., 1970; Zucker, 1972; Castellucci and Kandel, 1974; Hawkins et al., 1993) . The capacity of sensory neurons to exhibit homosynaptic depression is well documented in Aplysia and other preparations (Krasne, 1969; Castellucci et al., 1970; Zucker, 1972; Klein et al., 1980; Byrne, 1982) ; however, the role of homosynaptic depression in mediating the behavioral decrement of habituation has been studied only in the gill and siphon withdrawal reflex elicited by siphon stimulation.
In this study, we examined two reflex systems activated by tail stimulation. One, the tail withdrawal reflex, appears comparable to the gill and siphon withdrawal reflex (elicited by siphon stimulation) in that it has both monosynaptic and polysynaptic connections to tail motor neurons; the other, the siphon withdrawal reflex, appears somewhat more complex because it has only polysynaptic connections to motor neurons. We show that repet- itive, threshold-level tail stimuli cause both the tail-elicited tail and siphon withdrawal reflexes in reduced preparations to exhibit habituation comparable with that observed in intact animals (Stopfer and Carew, 1994; Stopfer et al., 1996) . These same tail stimuli simultaneously cause several different forms of modulation at different sites in the neural circuits underlying these reflexes. For example, (1) during repeated stimulation, the motor neurons that contribute to tail withdrawal and those that contribute to siphon withdrawal both generate progressively fewer action potentials. (2) The sensory neurons that we recorded from, which respond to the tail stimuli, also generate progressively fewer action potentials, and they respond with increasing latency to each stimulus. A similar decrease in spike number and increase in response latency in tail sensory neurons has been observed after noxious, repetitive tail stimulation (Clatworthy and Walters, 1993) . These authors refer to the action potential number and latency changes collectively as response "wind-down." The present findings indicate that the same wind-down mechanisms can be evoked by weak stimuli as well. (3) When the sensory neurons are fired intracellularly in a pattern like that caused by tail stimulation, they exhibit marked homosynaptic depression. (4) At the same time that the behavioral and motor neuronal responses exhibit decrement during habituation training, synaptic transmission from the sensory neurons actually increases substantially. These results indicate that alterations in spike number and spike latency in the sensory neurons might contribute to habituation in the siphon withdrawal and tail withdrawal reflexes elicited by tail stimulation (although these response reductions appear modest in magnitude compared with the accompanying heterosynaptic facilitation). These results also show that homosynaptic depression in the sensory neurons does not accompany habituation, suggesting instead an important role for interneurons in producing this simple form of learning.
The possibility might be raised that the reason that sensory neurons show synaptic facilitation during repeated tail stimulation is that the eliciting tail stimulus is a strong one, actually serving at least in part as a sensitizing stimulus. This possibility is unlikely for two reasons. First, the strength of the tail stimulus was chosen to be just threshold for activation of both the reflexes that we examined; if the stimulus were any weaker, no behavior would be reliably elicited. Second and more compelling is the fact that in both reflexes the behavioral response (as well as the input to the motor neurons) exhibited progressive and significant decrement during repeated stimulation. Thus, at a functional level, the tail stimulus in our experiments cannot be considered facilitatory Figure 8 . Heterosynaptic facilitation occurs in tail sensory neurons during habituation. Two tail sensory neurons were chosen that monosynaptically connect to a common tail motor neuron. In a pretest, single action potentials elicited baseline EPSPs. Only one of the sensory neurons (SN 1) was activated by habituation training stimuli (ISI ϭ 30 sec) from a tail electrode implanted within its receptive field (note compressed time base). The other sensory neuron (SN 2) was not activated by the tail stimulus. After training, monosynaptic EPSPs elicited by both sensory neurons were facilitated significantly. because its repeated application produces only significant habituation.
A final comment concerning the role of tail sensory neuron synaptic depression in habituation is warranted. Our data do not rule out the possibility that under different experimental conditions (e.g., different patterns, durations, or intensities of afferent activation), homosynaptic depression might be induced in the sensory neurons and thus could contribute to habituation of tail-mediated reflex responses. Similarly, our data do not exclude the possibility that during habituation, homosynaptic depression might occur at synapses (1) from an unidentified population of tail sensory neurons or (2) between the identified tail sensory neurons and interneurons, and that this depression occurs even as other synapses between the same identified sensory neurons and motor neurons show clear facilitation (it should be pointed out that this latter case, although possible, has never been observed in Aplysia; see Trudeau and Castellucci, 1993; Clark and Kandel, 1984) . Nevertheless, our results do permit the conclusion that homosynaptic depression in the identified tail sensory neurons is not necessary for habituation because we have shown that significant reflex habituation (as well as decrement in the input to and output from motor neurons) can occur in the absence of homosynaptic depression in the tail sensory neurons.
The contribution of homosynaptic depression to habituation in other systems
Homosynaptic depression in primary sensory neurons has been directly implicated as a mechanism contributing to habituation in two other systems: the gill withdrawal reflex of Aplysia to siphon stimulation and the tail-flip escape response of the crayfish. We will discuss each of these systems in turn.
Habituation in the gill withdrawal reflex
The possible role and site of homosynaptic depression during habituation in Aplysia was investigated initially in the siphonelicited gill withdrawal reflex Kupfermann et al., 1970; Pinsker et al., 1970; Carew et al., 1971) . This work supported the conclusion that homosynaptic depression at the LE siphon sensory neurons underlies the response decrement observed in the behaving animal. Thus, these conclusions differ from those obtained in the present studies.
It is possible that methodological differences between the gill withdrawal experiments and those reported here are responsible for the different conclusions reached regarding homosynaptic depression. For example, in the experiments examining the gill withdrawal reflex , a different kind of eliciting stimuli (water jets to the siphon) was used; a different motor response (gill withdrawal) was monitored, and the monosynaptic connection between LE sensory neurons and motor neurons was not examined concurrently with habituation of gill withdrawal behavior. It is also possible that different forms of plasticity at different neuronal sites may contribute to habituation in the gill withdrawal system compared with the reflex systems we describe in this paper. This may be the case because the reflexes have some clear differences in their cellular organization. For example, although the tail-induced tail withdrawal reflex is similar to the gill withdrawal reflex in that there is direct monosynaptic input (as well as polysynaptic input) to tail motor neurons from tail sensory neurons, the tail-induced siphon withdrawal reflex does not have such a direct sensory input to siphon motor neurons. Tail sensory input to siphon motor neurons seems to be entirely polysynaptic . Thus, differing reflex architecture, at least in tail-induced siphon withdrawal, may also underlie differences in the two systems. In future studies it will be of interest to carry out directly comparable experiments in reflexes mediated by tail and siphon sensory neurons to explore the role of homosynaptic depression in habituation in these two different sensory systems.
Another study examining homosynaptic depression in LE siphon sensory neurons may provide some insight into the threshold for the facilitatory processes we observe in the tail sensory neurons during repeated tail stimulation. In studying synaptic plasticity in the siphon withdrawal reflex, Wright et al. (1991) simultaneously examined decremented complex EPSPs in siphon motor neurons produced by repeated water jet stimuli to the siphon and in decremented monosynaptic EPSPs from LE siphon sensory neurons onto the same motor neurons. The decrement in the siphon sensory neurons was produced by repeated intracellular activation of the sensory cells, intercalated between water jet stimuli to the siphon. In this study, the water jet stimuli to the siphon were too weak to activate the LE siphon sensory neurons; thus the tactile input to the siphon motor neurons was probably carried by another set of low-threshold afferents from the siphon (Kaplan et al., 1993) . In the Wright et al. (1991) study, heterosynaptic facilitation was not produced by repeated water jet stimuli to the siphon (which were subthreshold for LE siphon sensory neuron activation). In this study, however, heterosynaptic facilitation was produced by tail stimuli that were selected specifically to be just above threshold for tail sensory neuron activation. This suggests that the heterosynaptic facilitatory process we observe may have a stimulus threshold comparable to that required for sensory neuron activation. It would therefore be of interest in the gill and siphon withdrawal system to determine whether the stimulus threshold necessary for reflex activation of the LE siphon sensory neurons (e.g., by tactile or electrical stimulation of the siphon skin) would also be the threshold for activation of a facilitatory process that would produce heterosynaptic facilitation of EPSPs from these siphon sensory neurons. Of relevance to this point, recent preliminary results by Hawkins and colleagues (personal communication; see also Hawkins and Frost, 1995; Hawkins and Frost, in press) suggest that habituation of the gill withdrawal reflex induced by tactile stimulation of the siphon in a simplified preparation is accompanied by homosynaptic depression of EPSPs from LE sensory neurons, which parallels decrement of siphon-evoked complex EPSPs in siphon motor neurons.
Habituation in the tail-flip response of crayfish
In the crayfish, tail-flip escape responses mediated by the lateral giant fibers exhibit habituation when the mechanosensitive primary afferents mediating the reflex are activated repeatedly (Wine et al., 1975) . Several studies have shown that with repeated activation of this afferent input, homosynaptic depression occurs at the first chemical synapse in the reflex pathway, giving rise to the hypothesis that homosynaptic depression at this synapse may provide the cellular mechanism of habituation in this system (Krasne, 1969; Zucker et al., 1971; Zucker, 1972) . As recently pointed out by Krasne and Teshiba (1995) , all of the experiments examining homosynaptic depression in the crayfish were carried out in acute, surgically reduced preparations that did not permit descending modulatory influences from higher brain centers to be expressed. Recently, Krasne and colleagues (Krasne, 1993; Krasne and Teshiba, 1995) reexamined the mechanisms of habituation in freely behaving, intact crayfish and found that the predominant mechanism for habituation involves descending tonic inhibition from higher brain centers. Homosynaptic depression at the primary afferent synapse was found to have only a modest impact on habituation in intact animals. Thus, these recent observations in the crayfish are consistent with our observations that homosynaptic depression of primary afferent synaptic transmission, at least in the reflexes we have examined, may be of less importance than changes at interneuronal sites during habituation.
Additional sites and mechanisms of habituation
Our finding that a reduction in synaptic transmission in tail sensory neurons does not accompany habituation shifts the focus onto interneurons in the reflex circuits (Hawkins et al., 1981; Cleary et al., 1995; Frost and Kandel, 1995) . In the case of tail-elicited siphon withdrawal, interneurons fully mediate sensory-to-motor communication . In the case of tail-elicited tail withdrawal, interneurons provide a powerful, parallel pathway that seems to influence behavior more strongly than does the direct, monosynaptic pathway White et al., 1993) .
Two major candidate mechanisms can be envisioned as playing a significant role in mediating habituation at interneurons: homosynaptic depression and increased inhibition (of course, these two possibilities are not mutually exclusive). We have already considered the evidence that homosynaptic depression occurs at Aplysia central synapses. Thus, this form of decremental plasticity at any interneuronal site is a reasonable candidate to contribute to habituation. Inhibition is also well described in reflex circuits in Aplysia, and many authors have speculated that this process may play a role in habituation of both siphon-and tail-elicited responses (Montarolo et al., 1988; Schacher and Montarolo, 1991; Wright et al., 1991; Buonomano et al., 1992; Fischer and Carew, 1993) . Thus, the buildup of inhibition (possibly driven in part by the facilitation of the sensory neuron output during habituation that we observe) at interneuronal sites is certainly a reasonable candidate mechanism for habituation in Aplysia. This possibility takes on added significance in view of the recent findings of Krasne and colleagues (Krasne, 1993; Krasne and Teshiba, 1995) , described above, who have provided evidence for descending inhibition as a mechanism for habituation of the tail-flip response in crayfish.
Functional implications of distributed facilitation and decrement within reflex circuits
Our results suggest that during habituation, a facilitating process is activated early in the system at the sensory neurons, and a decrementing process is activated further downstream at interneuronal loci. What functional advantage might be gained by this differential distribution of facilitation and decrement within a reflex circuit? One possibility is that initial facilitation may provide an increase in signal gain before other modulatory processes are brought into play at subsequent sites in the reflex circuit. Later decrement, downstream from the sensory neuron level, might enable more neuronal processing to occur before the signal is ultimately reduced as a result of synaptic depression and/or inhibition. In this way, more information from other parts of the organism might be integrated before the system "decides" to cease responding to a repeated stimulus that proves to be nonthreatening.
The emphasis on interneurons as potential loci for habituation brings our results examining habituation of tail-elicited reflexes in Aplysia into register with several other model systems used to study habituation, such as crayfish escape (Krasne and Teshiba, 1995) , frog spinal cord (Farel, 1974) , rat audition (Davis et al., 1982) , spinal cat Wickelgren, 1967; Thompson and Glanzman, 1976) , and human eyeblink (Sanes and Ison, 1983) . In all of these systems it seems that habituation is mediated at interneuronal sites, perhaps suggesting a general design feature in these diverse systems for the expression of this fundamental form of learning.
